A buried-tube-type heat exchanger is typical and simple for extracting heat from a compost bed except the requirement of some tedious works such as removing and retubing the tubes in remixing the compost materials. In order to simplify the above tedious works, a unique heat extraction method by a multi-heat-pipe heat exchanger was proposed. The analytical solutions of the temperature in the bed and the temperature of medium at the outlet of the heat exchanger were obtained. These solutions were mathematically similar to those for the buried-tube-type heat exchanger. Then, the heat extraction ability of the multi-heat-pipe heat exchanger was calculated from the solutions.
Introduction
A method of extracting the heat generated in a compost bed by water flowing into tubes buried in the bed was presented by Komori [1984, 1985a] . In such a buried-tube-type heat exchanger, since the medium fluid was surrounded by the compost materials almost completely, there was no loss of heat in transmission of heat to the medium fluid through the walls of the buried tubes from the compost bed. Therefore, it was suggested that the buried-tube-type heat exchanger would be available for heat extraction from the compost bed.
Generally, the composting reactions proceed very slowly and the composting process requires a long period, moreover, the oxygen stored in the compost bed is consumed successively, so that the rate of heat generation usually decreases gradually with declining the activity of thermophilic aerobic microorganisms due to the oxygen shortage in the bed. Then, to activate the composting reaction by supplying oxygen, the compost materials must be remixed artificially in the composting process. The works, remixing and retubing the tubes for the medium fluid, for remixing are inconvenient and tedious for the case of the buried-tube-type heat exchanger. Taking account of convenience for the above works, Komori et al [1983] proposed another method for heat extraction from the compost bed with a single-heat-pipe heat extractor. For the single-heat-pipe heat extractor, the heat generated in the compost materials is pumped up to the top of the heat-pipe inserted into the bed, then, the heat is transferred to the medium fluid by convection. The heat-pipe has both functions of pumping up heat from the bed and of heat exchange.
Since the primitive heat-pipe-type heat exchanger has only a single element of heat-pipe, it would not be applicable to the practical heat extraction directly, however, the concept of the heat-pipe-type heat exchanger is unique and involves an interest in utilizing a characteristic of the heat-pipe, which has an excellent heat transfer ability.
In this investigation, for application of the heatpipe-type heat exchanger to the practical cases, a multi-heat-pipe heat exchanger is introduced. The problem of heat extraction from the compost bed by the multi-heat-pipe heat exchanger is solve analytically with suitable boundary conditions, upon the several assumptions. The calculated results of heat extraction ability for the multiheat-pipe heat exchanger are compared with those for the case of the buried-tube-type heat exchanger.
Mechanism of heat transmission and overall heat transfer coefficient of heat-pipe
The heat-pipe has been applied to many practical engineering fields such as electronic devices, space ships, stabilization of the permafrost soil and others [Chi, 1976] .
A heat-pipe transfers heat by repeating the cyclic process of vaporization and condensation of the working fluid sealed in the metalic tube and it is an excellent heat conductor.
When the bottom portion of a heat-pipe is maintained at higher temperature and the top portion is kept at lower temperature, the axial temperature profile of the heat-pipe may be schematically shown in Fig. 1 [Sun and Tien, 1975] .
Heat is rapidly transferred from the bottom towards the top of the heat-pipe by vaporizing the working fluid, even though there is a relatively small temperature difference between the top and bottom portions.
Supposing that a multi-heat-pipe heat exchanger is set in the compost bed, as shown in Fig. 2 , the schematic representation of the local temperature profiles of the compost bed and of the medium fluid contacting with a heat-pipe in the multi-heatpipe heat exchanger may be shown as Fig. 3 . The heat generated in the compost bed is conducted to the bottom portion of the heat-pipe, the heat input region, through a small gap between the heat-pipe and compost materials. Therefore, a temperature at the surface of the heat input region
Te is not equal to the apparent temperature of the compost bed at the interface T|r=r1, exactly.
By introducing a heat transfer coefficient he corresponding to the heat resistance at the surface of the heat-pipe, the rate of heat transfer at the surface of the bottom portion of the heat-pipe is given by
(1)
The heat conducted to the heat input region of the heat-pipe is rapidly transferred to the top portion by vaporizing the working fluid. Then, the rate of heat transfer to the axial direction of the heat-pipe is [Komori et al, 1983] (2) where Te-Tc is the temperature difference be- tween the bottom and the top of the heat-pipe and h is an effective heat transfer coefficient of the heat-pipe [Chi, 1976] .
The rate of heat transfer to the medium fluid flowing through the heat exchanger is (3) where hc is a liquid-film heat transfer coefficient based on the outer surface of the heat-pipe.
Supposing that the loss of heat in the heat transmission process of the system is ignored, Q1
is related to Q2 and Q3 as the following equation:
Q1=Q2=Q3.
Accordingly, by using the apparent driving force of temperature T|r=r1-Tl, and by introducing an overall heat transfer coefficient Uh based on the outer surface of the heat input region, the rate of heat transfer can be written in a form of (5) where Uh is expressed as follows: In the heat extraction process by the multi-heatpipe heat exchanger, there are two mechanisms of heat transfer. One is the conduction of heat in a compost bed and the other is the forced convective heat transfer in the heat exchanger. These mechanisms are combined through the heat-pipe, which is a carrier of heat transport. Therefore, the heat conduction equation for the compost bed and a heat balance equation for the heat exchanger must be solved simultaneously by using the suitable boundary and initial conditions. Generally, it is difficult to obtain the exact analytical solutions for the heat extraction problem of the compost bed. Then, for simplification of the problem, the following several assumptions are made.
1) Conduction of heat in the compost bed takes place only in the radial direction around the heat-pipe (r-direction).
2) Heat-pipes are arranged in square pitches at equal spaces, and temperature profiles of the compost around any adjacent heat-pipes are the same.
3) Thermal physical properties of the compost bed are independent of temperature during the heat extraction process.
4) The heat generation term in the conduction equation is small and ignored, compared with the terms of conduction and accumulation [Seki and Komori, 1984] .
5) The axial temperature profiles of the heatpipe are uniform in the top and bottom portions, respectively. Upon these assumptions, the conduction equation for the compost bed is (7) The boundary condition at the surface of the bottom portion of the heat-pipe is at r=r1.
According to the assumption 2), there is no flow of heat at r=r2, therefore, the boundary condition at r=r2 is at r=r2, where T I1-Ti is a mean temperature difference between T|r=r1 and Tl, and n is the number of heat-pipes set in the heat exchanger.
Usually, for the design of a multi-tube-type heat exchanger such as a shell-and-tube and a cross-flow heat exchanger, the mean temperature difference is equal to a logarithmic mean temperature difference multiplied by a modified factor F which is determined by several parameters, i.e. the number of flow passes and the temperature efficiency. The value of F is smaller than unity. According to the practical operating conditions, since the temperature efficiency (Tlou-Tlin)/(T| r=rl-Tlin) is less than 0.2 and it is comparatively small for the heat-pipe-type heat exchanger, the modified factor F may be approximated by unity. Therefore, the term T|r=r1-Tl of Eq. (11) may be expressed as (12) By the several experimental results for the buried-tube-type heat exchanger, the ratio (T r=rl -Tl ou)/(T|r=rl-Tlin) is less than 2.0. Similarly, for the case of the multi-heat-pipe heat exchanger, since (T|r=r1-Tlou)/(T|r=r1-Tlin) < 2.0, the term of Eq. (12) may be replaced by the arithmetic mean temperature difference (Mizushina, 1972) . Therefore, Eq, (12) becomes (13) and (14) Substitution of Eq. (14) into Eq. (11) gives (15) where Nh is the number of transfer units, and is defined by (16) By using Eqs. (14) and (15), the boundary condition Eq. (8) 
By using the above dimensionless variables and parameters, Eqs. (7), (17), (9) and (10) can be rewritten in
According to the analytical procedure described in the previous paper [Seki and Komori, 1985] , the analytical solution of Eq. (23), which satisfies the above boundary and initial conditions Eqs. (24) - (26) , is given by Heat Extraction from a Compost Bed by a Multi-Heat-Pipe Heat Exchanger (27) and, Tlou is (28) where Zm(x) and Bm(x) are expressed by Eqs. (29) and (30), respectively, and ct iss the n-th positive root of Eq. (31): (29) (30) Fig. 4 Illustrative representation of the multi-heat-pipe (a) and buried-tube-type (b) heat exchangers for evaluating the heat transfer ability analytical solutions under the several operating conditions. 4.1 Overall heat transfer coefficient As mentioned above, the analytical solutions for the multi-heat-pipe heat exchanger are similar to the approximate analytical solutions for the buried-tube-type heat exchanger. Therefore, the heat extraction ability may be evaluated by comparing the values of the overall heat transfer coefficient for the two exchangers.
For the case of the multi-heat-pipe heat exchanger, the overall heat transfer coefficient Uh is given by Eq, (6). The overall heat transfer coefficient Ub for the buried-tube-type heat exchanger is [Seki and Komori, 1984] (32) Generally, the flow rate and temperature of medium in the heat exchanger have influence on the heat transfer coefficients h~ in Eq. (6) and h1 in Eq. (32). In the practical heat extraction process from the compost bed, since the temperature of the medium rises to the maximum limit within 30°C at the outlet of heat exchanger [Seki and Komori, 1985b] , consequently, h~ and h1 are dependent on the flow rate of medium fluid only. In the illustrative examples, h~ could be estimated by Hilpert's equation for the forced convective heat transfer at the outer surface of the circular tube [JSME, 1985] , and h1 was evaluated from Colburn's equation [Uchida, 1972] . The values of several heat transfer coefficients and thermal conductivity of wall material of the buried tube or heat-pipe are shown in Table 1 . Table 2 summarizes the calculated results of the overall heat transfer coefficients by Eqs. (6) and (32) with the flow rate of the medium fluid. The overall heat transfer coefficients increases gradually with the flow rate of the medium fluid, and there Table 1 Values of the several heat transfer coefficients and thermal conductivity of wall material of the buried tube or heat-pipe Table 2 Calculated results of hi, hc, Ub, Uh and Uh f Ub for some values of the flow rate of medium fluid is a small variation of the values of Ub and Uh against the flow rate of water. According to the calculated results for the case of the buried-tubetype heat exchanger, the thermal resistance at the tube-compost interface is dominant, and Ub is equivalent to hs. For the case of the multi-heatpipe heat exchanger, the resistance of the heat-pipe (2le/r1)/h is almost equal to the thermal resistance at the heat-pipe-compost interface 1/he, and the overall heat transfer coefficient Uh becomes 1/2 Ub approximately. 4.2 Period for heat extraction, water temperature at the outlet of heat exchanger and rate of heat extraction The heat extraction ability may be evaluated by the calculated results of three items, the period available for heat extraction Bext, the average temperature of water at the outlet of the heat exchanger Tlou , and the average, of the rate of heat extraction from the compost bed per unit volume of compost gext.
As described in Section 3.2, the analytical solutions of the temperatures of the compost bed and the medium fluid for the case of the multi-heatpipe heat exchanger are similar to the approximate solutions for the buried-tube-type heat exchanger, so that Tlou and gext may be expressed as follows: (33 
By applying the analytical solution Eq, (27) to Eq. (37), Hh is obtained by (38) Similarly, a factor Hb for the buried-tube-type heat exchanger is equivalent to Eq. (38) by changing a subscript h into a subscript b. As is obvious from Eq. (38), Hh depends on time, Fig. 6 shows the changes of Hh and Hb with the dimensionless time.
The values of Hh and Hb significantly change during the period from to, however, these factors become constant for . From the calculated results, it is suggested that heat penetrates rapidly toward the wall of the heat-pipe or the tube from the compost bed at the beginning of heat extraction. For >0.25 the change of Q with time gradually becomes small, and the heat transfer in the compost bed reaches the quasi-steady state. Therefore, assuming that heat conduction in the compost bed may be maintained at the quasi-steady state approximately, a factor Uc corresponding to a heat conductance of the compost bed may be given by the following equation (Appendix) : for multi-heat-pipe heat exchanger,
for buried-tube-type heat exchanger, 
Conclusions
The problem of heat extraction from the compost bed with a multi-heat-pipe heat exchanger was solved analytically. The heat extraction ability was calculated numerically by the analytical solutions, using the illustrative examples of heat extraction for the multi-heat-pipe and buried-tubetype heat exchangers.
The following results were obtained.
1. For the heat extraction from the compost bed with the multi-heat-pipe heat exchanger, the solutions of the temperature profile in the compost bed and the temperature of water at the outlet of the heat exchanger were obtained, and the solutions were similar to the approximate analytical solutions for the buried-tube-type heat exchanger.
2. For the several operating conditions, the overall heat transfer coefficient Uh of the multiheat-pipe heat exchanger was about 50% of the overall heat transfer coefficient Ub for the buriedtube-type heat exchanger, and the rate of heat extraction was approximately 30% smaller than that of the buried-tube-type heat exchanger.
3. The heat extraction ability of the two heat exchangers can be estimated by a total heat conductance UT for qext. An evaluation of the heat transfer ability by UT is convenient and simple. 4. For the heat extraction from the compost by the multi-heat-pipe heat exchanger, the time required to extract the heat will be larger compared with that for heat extraction by the buried-tubetype heat exchanger. However, a steady composting reaction or methabolism of thermophilic aerobic microorganisms will be maintained during the heat extraction process without a rapid change of the temperature in the compost materials around the heat-pipe.
5. The multi-heat-pipe heat exchanger does not require the troublesome works, removing and retubing the tubes for medium fluid in remixing the compost materials, so that it will be one of the available heat extractors for extraction of heat from the compost bed.
Appendix Derivation of Eq. (39)
For the case of steady state, supposing that T=T|r=r1 at r=r1, T=T2 at r=r2, the temperature profile of a hollow cylinder is (Carslaw and Jaeger, 1959) (A-1)
The average temperature of a hollow cylinder is 
